Most viruses are naturally immunogenic and can be engineered to express tumor antigen transgenes. Moreover, many types of recombinant viruses have been shown to infect professional antigenpresenting cells, specifically dendritic cells, and express their transgenes. This enhanced presentation of tumor antigens to the immune system has led to an increase in the frequency and avidity of cytotoxic T lymphocytes that target tumor cells expressing the tumor antigen(s) encoded in the vaccine vector. Logistically, recombinant viruses can be produced, administered, and quality controlled more easily compared with other immunotherapy strategies. The intrinsic properties of each virus have distinct advantages and disadvantages, which can determine their applicability in a particular therapeutic setting. The disadvantage of some vectors is the development of host-induced neutralizing antibodies to the vector itself, thus limiting its continued use. The ''off-the-shelf'' nature of viral vaccine platforms renders them exceptionally suitable for multicenter randomized trials. This review described and discussed the strategies used and results using viral-based vaccines, with emphasis on phases II and III clinical trials. Future directions will involve the evaluation of viral-based vaccines in the adjuvant and neoadjuvant settings, in patients with low burden metastatic disease, and in combination with other forms of therapy including immunotherapy.
T here are numerous reasons why recombinant viral vectors are potentially useful vaccine vehicles for cancer therapy. The intrinsic properties of each virus have distinct advantages and disadvantages, which can determine their applicability in a particular therapeutic setting. The safety and antitumor activity of viral-based vaccines in preclinical models have led to clinical trials to evaluate the immunologic and clinical efficacy of this treatment modality. In this review, we discuss the strategies used and results using viral-based vaccines, with emphasis on phase II and III clinical trials completed to date.
VIRAL DELIVERY SYSTEMS
Most viruses are naturally immunogenic and can be engineered to express tumor antigen transgenes. Moreover, many types of recombinant viruses have been shown to infect professional antigen-presenting cells (APCs), specifically dendritic cells (DCs), and express their transgenes. 1Y6 This enhanced presentation of tumor antigens to the immune system has led to an increase in the frequency and avidity of cytotoxic T lymphocytes that target tumor cells expressing the tumor antigen(s) encoded in the vaccine vector. 5, 6 Several studies have shown that transgenes expressed by a viral vector are more immunogenic than antigen administered with adjuvant. 7, 8 This observation is attributed to the proinflammatory environment produced by the expression of viral proteins. Logistically, recombinant viruses can be produced more easily compared with other immunotherapy strategies, such as whole tumor cell and DC vaccines. The latter may require complex, time-consuming, and sometimes costly methods to produce because they are customized treatments. Recombinant viruses, on the other hand, are a more acceptable ''off the shelf'' means of vaccine vehicle, given the relative ease of production, purification, and storage. It is thus also more feasible to conduct multicenter clinical trials, given the relatively low cost of viral vaccine production. The disadvantage of some vectors is the development of host-induced neutralizing antibodies to the vector itself, thus limiting its continued use.
DISTINGUISHING VIRAL VACCINES FROM VIRUSES USED FOR GENE THERAPY AND ONCOLYSIS
Viruses can also be used as vectors for gene delivery (Table 1) . For example, adenoviral vectors have been engineered to express suicide genes, such as herpes simplex virus-1 thymidine kinase, 9 which renders target cells expressing the transgene susceptible to treatment with gancyclovir. 10 Viruses have also been used as oncolytic agents. Measles virus, 11, 12 herpes simplex virus, 13 and vesicular stomatitis virus, 14 among others (Table 1) , have been shown to preferentially infect and propagate in tumor cells. These viruses undergo a lytic life cycle, killing the tumor cell and then spreading to uninfected tumor cells. 15 Thus, these viruses not only have a direct cytopathic effect on tumor cells but they also have been shown to enhance immune-mediated killing of tumor cells, likely through the release of tumor antigens. However, some oncolytic viruses are unlikely to be used as a cancer vaccine vector because they have a short duration of transgene expression in infected cells given the onset of lysis and limited tropism for DCs; this might limit their ability to generate a robust immune response against the transgene. These therapeutic strategies are summarized in excellent reviews. 12, 16 This article will focus on recombinant viruses used primarily as cancer vaccines in clinical development.
VIRAL VECTOR TYPES
Each viral vector has its own potential advantages and disadvantages ( Table 1 ). The most comprehensively studied viral vectors are from the poxviridae family. They include derivatives of vaccinia virus, from the orthopoxvirus genera, and members of the avipoxvirus genera, such as fowlpox and canarypox (ALVAC). Poxviruses have a long and successful history in vaccination programs. Most notably, vaccinia virus was used to vaccinate over 1 billion people against smallpox, leading to the eradication of this disease in 1978. 17 Poxviruses are a double-stranded DNA virus with a linear genome. They have the ability to accept large inserts of foreign DNA, and thus can accommodate multiple genes. Vaccinia virus has a genome of È190 kbp, 
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The Cancer Journal & Volume 17, Number 5, September/October 2011 encoding È250 genes. 18 Fowlpox virus has a È260 to 309 kbp genome and has È260 putative genes. 19 Attenuated canarypox strain ALVAC has a È330 kbp genome and has È320 putative genes. 20 Poxviral vectors have wide host range, stable recombinants, accurate replication, and efficient post-translational processing of inserted genes. Intracellular expression of the transgene(s) allows for processing of the tumor antigen by both class I and II major histocompatibility complex (MHC) pathways, leading to activation of both CD4+ and CD8+ T cells. 21 Induction of a humoral response against the tumor antigen can also be seen. Viral replication and transcription of the poxvirus genome is restricted to the cytoplasm of the host cell; this extranuclear replication removes the risk of insertional mutagenesis, the random insertion of viral genetic sequences into host cell genomic DNA. 22 Vaccinia virus infects mammalian cells, and expresses recombinant genes for about 7 days before the infected cell is cleared by the immune system. 1 Avipox viruses infect mammalian cells and express their transgenes for 14 to 21 days. 23, 24 Despite the desirable features of poxviruses, replication competent viruses like vaccinia should not be administered to severely immunocompromised patients. To address this problem, an attenuated vaccinia virus called modified vaccinia virus Ankara (MVA) was developed for high-risk individuals. MVA was generated by over 500 serial passages of a smallpox vaccine from Ankara, Turkey, in chicken embryo fibroblasts, resulting in over 15% loss of the vaccinia virus genome. 25 MVA can infect mammalian cells and express transgenes, but it cannot produce infective viral particles. Similarly, canarypox and fowlpox, which are pathogenic in some avian species, are unable to productively infect humans because they cannot complete their life cycle and form an infectious particle. 26 As a result, mammalian poxviruses generate a more robust immune response, compared with avipox viruses. Unfortunately, MVA and vaccinia virus vectors can only be given once or twice to vaccinia immune or vaccinia naBve patients due to the development of host neutralizing antibodies against these vectors. 27 Neutralizing antibodies are not developed against the avipoxvirus vectors, allowing them to be administered multiple times to patients as booster vaccinations. 28 Numerous phase I trials have been conducted using viruses other than poxviruses as the immunotherapy delivery system (Table 1) . However, the only other vaccine that has reached phase II development is an alphavirus vector. 29 Alphavirus is a positive single strand RNA virus of about 11 to 12 kbp in length that includes members of the Venezuelan Equine Encephalitis virus, Semiliki Forest virus, and Sindbis virus. 30 The alphavirus RNA vector can be delivered in viral particles containing the RNA vector or as a naked RNA or cDNA vector. 31 Alphaviruses have high levels of replication leading to high expression of transgenes. Transgenes are expressed for a short time given the induction of apoptosis by the propagating nature of the repliconcompetent vector. 30 Lysis of infected tumor cells leads to release of tumor antigens that can further enhance the antitumor immune response. In addition, viral RNA is naturally immunogenic and has been shown to induce an IFN-> I immune response. 32 Alphaviruses, like avipox viruses, are also desirable vectors because infected hosts do not develop neutralizing antibodies to the vectors, allowing for multiple injections.
While predominately used as a vehicle for gene therapy, adenovirus (Ad) has also been developed to generate an antitumor immune response. Adenovirus is a non-enveloped doublestranded DNA virus. The 36 kbp genome accepts cDNA sequences up to 7.5 kbp. Replication of the genome occurs in the nucleus but remains extrachromosomal, minimizing the risk of insertional mutagenesis with this vector. Adenovirus can in-fect proliferating and resting cells and express transgenes with high efficacy. The majority of adenoviral vectors are replicationincompetent, following deletion of E1 and E3 viral genes. This limits their pathogenicty, while still allowing for the generation of a humoral and cellular response to transgenes. Adenoviral vectors are stable and easily propagated in laboratory settings, which allow researchers to easily modify the vector; this includes retargeting the virus's tropism to enhance infection of DCs and target cells lacking the common Ad receptor, which is critical for infection. Adenovirus induces neutralizing antibodies in infected hosts, thus limiting the number of vaccinations. 33 
INNOVATIVE STRATEGIES USING VIRAL-VECTOR VACCINES

Diversified Prime and Boost
Tumor antigens are more immunogenic when delivered as transgenes in a viral vector, compared with employing tumor antigens used as a peptide or protein vaccine. 8, 34 This is a result of the mammalian immune system's ability to recognize the viruses, through toll-like-receptors, as foreign to avoid replicating infections and subsequent illness. While virtually all of the viruses used as vectors for vaccine have had pathogenic genes deleted, they have retained their immunogenicity. This same property, however, is also the reason that most viral-based vaccines can be given only once due to host-neutralizing immunity of subsequent vaccinations. This is exemplified in the use of most adenoviruses and in the use of mammalian poxviruses such as vaccinia and MVA. Preclinical studies employing vaccinia and MVA have shown that in a vaccinia-naive murine host, recombinant vaccinia and MVA can be used for two vaccinations to enhance immunity to the tumor antigen transgene. In the vaccinia-immune host, however, these agents can only be given once; no further immunity to the tumor antigen transgene is induced following the second vaccination. Similar results were seen in clinical trials, which found that vaccinia-immune patients, who were vaccinated with a recombinant vaccina virus expressing carcinoembryonic antigen (CEA) or prostate-specific antigen (PSA), were able to mount an immune response to the transgene after the first vaccination but not to the second. 35, 36 These preclinical and clinical studies have led to a diversified prime-boost approach in which recombinant vaccinia is used for the prime vaccination and recombinant avipox (ie, fowlpox) is used for multiple booster vaccinations. Multiple injections of fowlpox have been shown to induce antibodies to fowlpox in both mice and humans, but these antibodies are non-neutralizing. 37, 38 This is due to the fact that only early viral proteins are made in mammalian cells and thus the late viral proteins, which would normally induce neutralizing antibodies, are absent. Initial clinical trials were carried out using a prime-boost strategy employing recombinant vaccinia expressing PSA (rV-PSA) and multiple boostings with recombinant avipox (fowlpox) rF-PSA. A randomized trial in patients with prostate cancer demonstrated the advantage of priming with rV-PSA and boosting with rF-PSA versus the reciprocal, or giving multiple vaccinations of only rF-PSA. 39 More recent studies using the diversified prime and boost technique have employed vectors containing transgenes for a tumor associated antigens (TAA) and a triad of T-cell costimulatory molecules consisting of B7.1, ICAM-1, LFA-3, and designated TRICOM. Numerous preclinical studies demonstrated the advantage of using vectors containing the TRI-COM transgenes in terms of induction of increased numbers of tumor-specific T cells, higher avidity of those T cells, and enhanced tumor activity. Clinical studies using the TRICOM vaccine will be discussed below. Whereas many cancer vaccine clinical studies have used the vaccinia prime/avipox boost approach, some trials in cancer and in HIV vaccinations are employing a diversified vaccination approach employing vaccinia, MVA or avipox as one mode of vaccination and DNA as the second.
Route and Mode of Administration
Viral-based vaccines also provide the flexibility for different routes of administration. While most clinical studies have been conducted with either the subcutaneous or intradermal vaccination, recent studies have shown the feasibility and safety of intratumoral vaccination. A clinical study employing direct vaccination of metastatic melanoma lesions with rF-TRICOM demonstrated some evidence of clinical benefit. 40 Preclinical studies have also shown the antitumor activity of intratumoral rF-CEA-TRICOM vaccination in CEA positive tumors, which was amplified by the concurrent subcutaneous vaccination of rV-CEA-TRICOM prime and rF-CEA-TRICOM boost. These studies formed the rationale for a recent clinical trial in patients with locally recurrent prostate cancer in which patients were given multiple intratumoral rF-PSA-TRICOM with concurrent subcutaneous rV-PSA-TRICOM prime and rF-PSA-TRICOM boost. This trial demonstrated the safety and feasibility of this approach. Moreover, this vaccination strategy showed a strong immune infiltrate in post-vaccination biopsies of tumor, along with a clear prolongation of PSA doubling time.
Ex-Vivo Viral Infection of APCs
TRICOM infection of murine or human B cells enhanced the expression of each of the three costimulatory molecule transgenes (B7-1, ICAM-1, LFA-3) on their cell surface and enhanced their antigen-presenting capability. 41, 42 It has been shown, moreover, that the T cells generated have higher avidity than peptidepulsed control DCs or DCs infected with wild-type vector. 43 These findings have led to a clinical trial employing CEA-MUC1-TRICOM (PANVAC) ex vivo infection of human DCs employed as a vaccine in metastatic colorectal cancer patients who have undergone mastectomy, 44, 45 as will be discussed below.
Immune Stimulants
Viral vectors can also be employed as vehicles for the delivery of immune stimulant transgenes such as cytokines. Preclinical studies have shown that insertion of cytokines such as granulocyte macrophage colony stimulating factor (GM-CSF), IL-2 and IL-15 can be inserted into viral vectors to be used in combination viral-based vaccines to enhance their efficacy. 46Y50 Clinical studies have been completed and are ongoing employing this approach. 51, 52 CLINICAL TRIALS
MVA Vector-Based Trials
Several clinical trials in metastatic renal cell carcinoma ( Table 2 ) have been conducted with the TroVax vaccine, which consists of a recombinant MVA expressing the 5T4 tumorassociated antigen (TAA). Initial trials demonstrated some objective clinical responses, stable disease and both antibody and T-cell responses to 5T4. A phase III randomized, placebocontrolled study employed MVA 5T4 with and without cytokines and sunitinib in patients (n = 733) with metastatic renal cell cancer ( Table 2) . Treatment arms were well-balanced. There was, however, no significant difference in overall survival between the two treatment arms. The magnitude of the 5T4-specific anti-body response post-vaccination was associated with increased patient survival, as was seen in previous trials. A second vaccine has also been analyzed in patients with metastatic renal cell carcinoma. The TG4010 vaccine consists of MVA expressing recombinant MUC-1 and IL-2 transgenes. The vaccine was used either alone or in combination with exogenous IFN-> and IL-2. No objective responses were noted. Eighteen percent of patients had stable disease for 96 months with vaccine alone, and 30% had stable disease for 96 months with vaccine and cytokine. Median overall survival was 19.3 months for all patients and 22.4 months for patients receiving vaccine and cytokine.
The TroVax vaccine has also been evaluated in four small single-arm trials in patients with metastatic colorectal cancer ( Table 3 ). Antibody and T-cell responses, as well as stable disease, were noted along with some complete responses and partial responses in the various trials. In a trial involving the combination of TroVax with FOLFIRI chemotherapy, 11/17 patients were considered evaluable for immunologic evaluation; of these, six had complete or partial responses as well as T-cell or antibody responses to vaccine. These immune responses correlated with clinical benefit.
The TG4010 vaccine was also evaluated in prostate cancer patients (n = 40) with biochemical failure ( Table 3) . Thirteen of 40 patients had more than twofold improvement in PSA doubling time, and 10 patients had their PSA stabilized over 18 months. This vaccine has also been evaluated in patients (n = 65) with stage 3/4 non-small cell lung cancer. In this randomized phase II study, patients in arm 1 received vaccine in combination with chemotherapy; in arm 2 patients received vaccine monotherapy until disease progression, followed by vaccine plus the same chemotherapy. The median overall survival in arm 1 was 12.7 months versus 14.9 months for arm 2.
One-year overall survival rate was 53% for arm 1 and 60% for arm 2.
Vaccinia or Avipox Vector Trials
Several trials have employed either vaccinia alone or avipox (Alvac) alone (Table 4 ). In patients with metastatic melanoma, a recombinant vaccinia containing transgenes for multiple melanoma antigens and CD80 and CD86 costimulatory molecules was used as a prime followed by peptide boosting. T-cell responses to the melanoma antigens were observed with 3 of 17 patients showing some mixed responses and 7 of 17 patients with stable disease. Alvac-GP-100 vaccine as a prime was given with GP-100 peptide boost in metastatic melanoma patients. Eight of 18 patients were shown to develop immunologic responses to the vaccine. This was not enhanced by the addition of tetanus toxoid.
A trial was also completed employing intratumoral injection of vaccinia virus containing three different costimulatory molecules (rV-TRICOM) in patients (n = 12 evaluable) with metastatic melanoma (Table 4 ). There was a 30.7% objective clinical response rate, with one patient achieving a complete response of more than 22 months.
rV-PSA has also been administered to 33 men with rising PSA or metastatic disease (Table 4 ). Patients in the highest dose cohort also received GM-CSF. Fourteen of 33 vaccinated patients were stable for at least 6 months; nine patients remained stable for 11 to 25 months and six of these patients remained progression free with stable PSA levels. Immunologic studies demonstrated specific T-cell responses directed against PSA. Certain patients remained without evidence of clinical progression for at least 21 months.
Alvac-CEA-B7 vaccine has also been evaluated in carcinoma patients. 69, 71 After an initial dose escalation phase, the vaccine was administered to patients (n = 60) with advanced CEA-expressing tumors. All of the patients had evidence of leukocytic infiltration and CEA expression in vaccine biopsy sites. In patients receiving GM-CSF along with the vaccine (n = 30), leukocyte infiltrates were enhanced. The addition of GM-CSF, however, did not statistically increase CEA-specific T cells in peripheral blood compared with vaccine alone. The number of prior chemotherapy regimens was negatively correlated with the generation of T-cell responses, whereas there was a positive correlation between the number of months from the last chemotherapy regimen and T-cell response. Patients receiving GM-CSF with vaccine also had a greater degree of disease stabilization for up to 13 months.
Alphavirus Trial
An alphavirus vector has also been evaluated in a phase I/II clinical trial. The cancer vaccine, designated AVX701 (CEA(6D)-VRP), is a recombinant alphavirus expressing CEA, packaged in virus-like replicon particles (VRP). The vaccine was given to patients (n = 28) with metastatic cancer expressing the tumor antigen CEA. A majority of patients were able to develop CEAspecific T-cell and antibody responses. Despite the development of neutralizing antibodies to VRP, antitumor immunity was enhanced with each booster vaccination, but reached a maximum following the fourth vaccination. There was one complete response, two patients with stable disease, and two patients, who did not have evidence of metastatsis prior to immunization, remained disease free. Patients with CEA-specific T-cell responses had longer overall survival. 29 Heterologous Prime-Boost: Vaccinia/Fowlpox
Prostate Cancer Trials
A clinical trial was conducted using rV-prime and rF-boost both with tyrosinase as a transgene, in combination with lowor high-dose IL-2, in patients with metastatic melanoma. T-cell responses to tyrosinase were observed only in a minority of patients and there was no significant difference in clinical benefit of vaccine plus IL-2 versus IL-2 alone. A randomized multi-center phase II trial in patients with prostate cancer was evaluated employing different combinations of rV-PSA and rF-PSA in primeboost regimens. No antibodies to PSA were observed, but all 30 patients evaluated demonstrated T-cell response to PSA peptide. Twenty-nine of 64 patients demonstrated no evidence of PSA progression at 19 months. Median time to progression was 9.2 months in patients receiving only rF-PSA, versus 9.1 months in patients receiving rF-PSA prime and rV-PSA boost, versus 18.2 months in patients receiving rV-PSA prime and rF-PSA 
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The Cancer Journal & Volume 17, Number 5, September/October 2011 boost. These findings demonstrating the superiority of rV-prime followed by rF-boost were also observed in a 50-month follow-up. Another series of trials was conducted using an admix of recombinant vaccinias containing transgenes for PSA and for B7.1 followed by boosting with rF-PSA (Table 5 ). Using this vaccine regimen in patients with metastatic prostate cancer, T-cell responses were similar in patients receiving vaccine alone versus vaccine in combination with docetaxel and steroids (dexamethasone). These studies thus demonstrated that neither the chemotherapy nor the steroids inhibited immune responses to the vaccine. Progression-free survival was increased when docetaxel was given following vaccine. In another study, patients with non-metastatic castrate-resistant prostate cancer (CRPC) were randomized to receive either vaccine or the hormone nilutamide and the combination therapy at progression (crossover for each arm). The median survival at 4.4 years showed a trend in improvement in survival of patients who were initially randomized to the vaccine arm. A trend toward further improved overall survival was observed in patients who received vaccine before nilutamide versus vaccine after nilutamide. In a third trial using this vaccine regimen, patients with localized prostate cancer received either vaccine plus radiotherapy or radiotherapy alone. No detectable increases in PSA-specific T-cell responses were seen in the radiotherapy arm only, while 13 of 17 patients in the vaccine plus radiotherapy arm demonstrated PSA-specific T-cell responses. There was also evidence of de novo generation of T cells to other prostate-associated antigens not found in the vaccine, providing indirect evidence of immune-mediated tumor killing.
Several studies 77Y79 have now been conducted with rVprime and multiple rF-boosts with rV-PSA-TRICOM (designated PROSTVAC) ( Table 6 ). A 43-center randomized placebo (empty vector) controlled trial was carried out in patients (n = 125) with metastatic castrate-resistant prostate cancer. GM-CSF was also employed locally with vaccine. There was no difference in either arm in progression-free survival. However, at 3 years poststudy, PROSTVAC patients had a better overall survival (30%) versus 17% for the control group (Fig. 1) . Patients in the vaccine arm had a longer median survival by 8.5 months (25.1 months vs 16.6 months for control), with an estimated hazard ratio of 0.56 and stratified log rank P = 0.0061. 79 Vaccination with this off-the-shelf vaccine thus fared well compared with the ‡ALVAC(2)-gp100 m Y recombinant canarypox virus expressing full-length gp100 containing 2 modified epitopes and two modified gp100 epitope peptides.
#Superscript number denotes reference. MXR indicates mixed response; GM-CSF, granulocyte macrophage colony stimulating factor; MXR, mixed response; SD, stable disease; PD, progressive disease; PR, partial response; PSA, prostate-specific antigen; CTL, cytotoxic T-lymphocyte; NED, no evaluable disease. FDA-approved Sipuleucel-T vaccine. A concurrent trial using PROSTVAC (Table 6 ) in patients with metastatic CRPC was also carried out. 78 Twelve of 32 patients showed declines in serum PSA post-vaccination and two of 12 showed decreases in index lesions. Median overall survival was similar to that of the randomized trial and was 26.6 months (the predicted median overall survival for these patients employing the Halabi nomogram was 17.4 months). Patients with greater PSA-specific T-cell responses showed a trend (P = 0.055) toward enhanced survival. Patients with a Halabi predicted survival of Q18 months (median predicted survival 20.9 months) demonstrated a median overall survival of at least 37.3 months with 12 of 15 patients living longer than predicted. Regulatory T cell (Treg) suppressive function was shown to decrease following vaccine in patients surviving longer than predicted and to increase in patients surviving less than predicted. This hypothesis-generating study provided evidence that patients with more indolent metastatic prostate cancer may benefit more from vaccine therapy compared with similar patients receiving docetaxel chemotherapy. Recent clinical studies have also shown a potential for the use of the anti-CTLA4 antibody ipilimumab in combination with PROSTVAC to enhance survival. However, a randomized study must be conducted to validate this finding.
It is interesting to note that in both the Sipuleucel-T vaccine and the PROSTVAC vaccine trials in patients with metastatic prostate cancer, there was minimal objective response, no improvement in time to progression, but a statistically significant increase in overall survival. It has now been shown that in contrast to treatment with chemotherapy, tumor growth rate following vaccine therapy can be slowed. It thus appears that this reduction in growth rate is manifested in improved overall survival, and may be further influenced by subsequent additional therapy.
Pan Carcinoma Trials
The first clinical trial to employ CEA-TRICOM vaccine consisted of rV-CEA-TRICOM (designated ''V'') and avipox (fowlpox) rF-CEA-TRICOM (''A''). Fifty-nine patients with advanced CEA positive progressing cancers were accrued ( Table 6 ). Cohorts received AAAA alone, VAAA, or VAAA plus GM-CSF. Vaccines were administered every month for six doses and then every 3 months. Most patients had GI cancers and were heavily pretreated. There were no dose-limiting toxicities and no evidence of autoimmunity. Forty percent of patients had stable disease for more than 4 months, with one pathological complete response; seven of these patients had been stable for more than 12 months. CEA-specific immune responses were observed in all HLA-A2 patients tested. Survival of patients in the VAAA groups receiving GM-CSF was greater than in the other groups and progression-free survival was related to CEA-specific T-cell responses. 82 Of great interest, 12 patients who were stable on six monthly vaccines went on to receive vaccine every 3 months and all progressed; however, 6/12 of these patients restabilized after returning to monthly vaccinations.
To potentially overcome problems of antigenic heterogeneity or antigenic drift, TRICOM vaccines (rV-and rF-) containing transgenes for both CEA and MUC-1 were developed. This vaccine platform has been designated PANVAC. The first in-human study of this vaccine 85 showed that immune responses to both CEA and MUC-1 could be simultaneously generated 75, 76 II (42) Improved OS when vaccine is given before nilutamide vs. after (Table 6 ). In addition, several patients had better than expected clinical responses. A patient with metastatic clear cell ovarian cancer with rapidly progressive disease had large symptomatic ascites that completely disappeared, and a CA125 that went from 281 U/mL on study to sustained normal values (e20 U/mL) for 18 months. 86 A series of hypothesis-generating randomized phase II trials at NCI are comparing standard-of-care hormonal therapy, radiation therapy and chemotherapy alone, and in tandem with a poxviral TRICOM-based vaccine. In patients with nonmetastatic CRPC, interval data favor patients receiving flutamide (an androgen receptor antagonist used as a second-line 88 In an ongoing trial, patients with metastatic breast cancer are randomized to either standard chemotherapy (docetaxel) alone versus docetaxel plus PANVAC (rV, rF-CEA-MUC1-TRICOM), with time to progression as the endpoint. 89 The hypothesis is that the combination therapy will take advantage of both modalities in tumor control. At this time there is again an interval trend in time to progression favoring the vaccine combination arm. There are many anecdotal reports and several publications implying that patients who have received vaccine therapy and then progressed undergo unexpected clinical responses with the administration of subsequent therapies. 90Y93 This phenomenon, however, has not been validated prospectively to date. A randomized Eastern Cooperative Oncology Group, NCI (ECOG) multi-center clinical trial has recently been initiated in patients with metastatic prostate cancer to prospectively evaluate this phenomenon. 94 Patients will receive either (a) docetaxel or (b) 2 months of PROSTVAC vaccine followed by docetaxel; survival will be the primary endpoint.
CLINICAL TRIAL DESIGN
A classic example of the distinction between a vaccine's potential efficacy and a poor clinical trial design was evidenced by an ill-conceived corporate phase III trial in which PANVAC vaccine (Therion Biologics, Cambridge, Mass) was administered to patients with metastatic pancreatic cancer who had already failed prior gemcitabine therapy. 95 Poor clinical trial design was clearly illustrated by (a) the median overall survival of less than 3 months in this patient population; (b) the fact that only one drug combination has been approved by the FDA for the therapy of pancreatic cancer (gemcitabine plus erlotinib), which extended survival by 0.4 months; and (c) in one phase III study, median second-line survival was 4.8 months for treatment with oxaliplatin, folinic acid and 5-FU versus 2.3 months with best supportive care 96 ; numerous randomized trials of various FDAapproved drug combinations have failed to extend survival in this patient population of second-line pancreatic cancer.
PANVAC trials in other patient populations have provided evidence of patient benefit. Numerous preclinical studies have demonstrated that once a tumor reaches a certain volume, vaccine monotherapy will have limited effectiveness. In a multicenter trial led by M. Morse and K. Lyerly, 44 patients (n = 74) with no evidence of disease after resection of colorectal cancer (CRC) metastases to the liver and lung and completion of their physician-determined peri-operative chemotherapy were randomized 1:1 to four vaccinations with PANVAC, or PANVAC-modified DCs. Data from a prospectively registered, comparable, contemporary control group of CRC patients at Duke who had undergone metastectomy were also available. The two vaccine arms and the contemporary controls were well balanced. The 2-year relapse-free survival (RFS) was similar in all groups: 50% for the DC-PANVAC group, 56% for the PANVAC group, and 55% for the contemporary control group. However, at a follow-up at approximately 40 months, 44 there were 2/37 deaths in the DC-PANVAC group and 5/37 in the PANVAC alone group, for a total of approximately 10% deaths (7/74, ie, a 90% overall survival at 40 months); this is in contrast to approximately 58% deaths in the contemporary control group, and with 3-year survival data of CRC patients post-metastectomy from five other trials. 97Y101 It is emphasized that this must be considered preliminary data in that the vaccine arms were not randomized to the contemporary control arm and randomized phase III study is warranted to confirm these results. It is of interest, however, that this is still another example of a vaccine trial showing little or no evidence of RFS, but with an apparent benefit in overall survival.
Concluding Comments
The TRICOM vaccine platforms (PROSTVAC and PANVAC) and other viral vectorYbased vaccines described here have demonstrated minimal toxicity in a wide range of tumor types, different stages of disease, and in combination with radiation, chemotherapy and hormone therapy. Future directions will involve their evaluation in the adjuvant and neo-adjuvant settings, as well as in patients with low burden metastatic disease. These viral-based vaccines will undoubtedly also be used in combination with other forms of immunotherapy including checkpoint inhibitors, cytokines and other immune stimulants, adoptive T-cell transfer, and other vaccine types.
The ''off-the-shelf'' nature of viral vaccine platforms renders them exceptionally suitable for multicenter randomized trials. While evidence of patient benefit has been seen in randomized phase II studies, only phase III trials in the appropriate patient populations and with the appropriate clinical endpoints for therapeutic vaccines will define if these viral-based vaccine platforms will have a place in cancer management either as a monotherapy or in combination therapies.
